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Design Challenge

by
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NASA Langley
Research Center
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Benefits of the

SABOLE Program

Comparison of Design Approaches
Novel Control Techniques

Validation of Design Methods

©c © © ©

Precursor to Co-Investigators for
Flight Experiments



Ob;ecuves of the

5@016 Program

0 To Valdate Methodologles i‘or the Controt
of Flexible Am.enna Structures

O Ildentify Advantages and D_isadvamages of
Various Systems Identification Techniques

O Identify Advantages and Disadvantages of
Various Control Synthesis Techniques

O Identify Outstanding Identification and
Control Candidates for the COFS Il Fiight
Experiments
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Justification for the

SCORLE Program

Methodologies for Control of Flexible Spacecraft
Have Not Yet Been Validated

Methodologies for On-Orbit Modelling of Structural
Dynamics of Flexible Spacecraft Have Not Been

Validated

The High Cost of On-Orbit Testing Needed to
Support Initial Validation May be Alleviated
by Using Hi-Fidelity Ground Based Experiments

A Direct Comparison of Different Design Approaches
for the Control of Flexible Spacecrafl is Needed

On-0Orbit Systems Identification Techniques
Need to be Compared in Preparation for Actual
Flight Application

)0




Timeliness of the

SEOLE Program

O Ground Demonstrations on Two Dimensional
Structures are Nearing Completion - A 3-
Dimensional Problem is Needed to Advance

Our Active Structural Control Capability

0 The Planned COFES Flight Tests Demand

Development of Our Most Sophisticated
Flexible Structure Control Capability -

This Can Only be Accomplished by Ground
Testing on Structures with 3-Dimensional
Characteristics and Large Numbers of
Inertial Sensors and Actuators

/1




Results of thé»

SAOLE Program

O NASA-IEEE Design Challenge
| June ‘83
O Eight Grants/Contracts Underway
Feb ‘84
O SCOLE Workshop
: Dec ‘84
O Experimental Apparatus Ready
July ‘85
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Milestones OI the

SLOLE Program
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SCOLE
Equations of Motion

A New Formulation
by

Suresh Joshi

NASA Langley
Research Center

SCOLE equations of motion are derived
in the Shuttle-fixed coordinate system
using a Newtonian formulation.

14
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Dyvnamics of Flexible
Spacecraft (SCOLE)
During Slewing

Maneuvers
by

Yogendra P. Kakad

University of N.C.harbotte
Charlotte, N. Carolina
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The velocity in the body frame is

e
= T | R
V (t) e | Y
| Rz

The velocity of the point of attachment in the body frame is

——

where r is the vector from mass center to the point of
attachemnt.

If the body-fixed frame is located at the point of attachemnt,
a is the position vector of a mass element on the beam from
the point of origin before deformation.

The displacement vector is

W3t
d(z,6) = |uq

The position vector after deflection is

o+ el
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The kinetic energy in the beam is
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The kinetic eneggy of the reflector is
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Translational Equation

In terms of _V_,(g (non-generalized) and g (generalized)
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Using Lagrangian Equations

ALV +a; &b +Aza =Kl
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Functional Analvsis
of the SCOLE

Problem
by

A_ V. Balakrishnan
U. C. L. A.

Los Angeles, California
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DAMPING MODELS
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CONTROL.

BeAMm STABILITY AUGMENT:
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.....

Figure 8.2 Static defiection,
FACT = 2.5

”
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Figure 8.3 Mode 1, FACT = 0.25,
0.000001 Hz
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Figure 8.4 Mode 2, FACT = 0.25,
0.026618 Hz

Figure 8.5 Mode 3, FACT = 0.25,
0.033353 Hz
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Figure 8.6 Mode 4, FACT = 0.50,
0.275272 Hz
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Figure 8.7 Mode 5, FACT = 0.50,
0.275282 Hz
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Table 8.4 Natural Frequencies (Hz)

EquiTibrium Position

lero Gravity (Space)

Massless Rigid

Mode Actual Cable Actual Antenna

1 0.0 0.0 0.0 0.0

2 0.02661800 0.02661800 0.0 0.0

3 0.03335345 0.03335345 0.0 0.0

4 0.27527161 0.27550803 0.0 0.0

5 0.27528201 0.27551848 0.0 0.0

6 1.02135153 1.02136222 0.95626111 0.95781737
7 1.09274338 1.09275532 1.02205468 1.02304393
8 2.86993771 2.86993909 2.85798288 2.91078995
9 4.14099978 4.14100682 4.12238565 4.77249201
10 7.21202381 7.21203514 7.13573328 7.53400307
11 11.8888566 11.8892693 11.8067296 14.3285908
12 11.9975825 mmmmomemee mmmmccmeee dcecmemee
13 11.9979985  cc-cccces mmmemee ecccceeas
14 14.5271386 14.5271319 14.4703039 18.0655372
15 17.8807340 17.8965361 0.0 0.0

16 23.9951935 mmmmimmeee e

17 23.9951971  cceccccccon el

18 29.4618566 29.4618689 29.3765971

19 31.9790379 31.9790406 31.8650183
20 35.6083428 35.6083908 35.5681068

Table 8.5 Cantilever Natural Frequencies (Hz)

Roll Angle (Deg)

Mode 0 180
1 0.90329379 0.74059481
2 0.92231250 0.74130235
3 2.85838001 2.84157907
4 4.11631152 4.06401370
5 7.18829155 7.03295932
6 11.8569533 11.6900310
7 14.5078152 14.3982264
8 29.4282394 29.2763643
9 31.9410827 31.7363829
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Rapid Pointing and
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Configuration

by
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STRUCTURAL VIBRATIONS
o 10-mope ABC-moper (Dr. JosH1)

o Linear1zED DYNAMICS
-- DecoupLep Wi1TH RB MOTIONS
-- ExcitaTion BY THE BPB LOS PoiNGING SLEW

L 4 ")
0 SMALL VIBRATIONS
-- OUTPUT AT BOTH ENDS OF MAST

o Neep OuTPUT FROM THE 12 SENSORS ALONG THE MAST

--ACTUAL VIBRATIONS OF THE MAST

o Neep CompLeTE pynamics (RB & EB)
--CORIOLIS COUPLING COULD FURTHER EXCITE VIBRATIONS

DUE TO RESULTING MOMENT SPILLOVER,

83




RAPID LOS POINTING
0 INITIAL ALIGNMENT AND BPB POINTING SLEW

o CoriorLis coupLING (W X)
-- MovING SHUTTLE-BODY-FIXED COORDINATES

o DIRECT TORQUE/FORCE SPILLOVER
--SinGLE Axis BB or BPB

Ty = T3 ToepLecr

T T T
1Eo Ty = Togpieer N
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VIBRATION CONTROL

o ConTROL INFLUENCES
-- ACTUATORS AT ENDS OF MAST ONLY
-- H16GH FEEDBACK GAINS

-- HENCE, HIGH ADDITIONAL TORQUES AND FORCES

0 Neep ACTUATION ALONG THE MAST.
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(H.1)

L. PASSERON

EQUATIONS DU MOUVEMENT D'UNE POUTRE
FLEXIBLE EN ROTATION AUTOUR D'UN AXE

On détennine; dans ce qui suit, les é&quations du mouvement

- d'une poutre flexible encastrée 3 sa base sur un axe verti-

cal en rotation.

On néglige la flexion verticale pour ne s'intéresser qu'aux
mouvements de traction-compression et de flexion horizonta-
le : autrement dit, la poutre est supposée se déplacer dans
un plan horizontal.

-
~

2.1 - NOTATIONS ET HYPOTHESES

2.1.1 - Notations
On dénote respectivement :

-par | = (0,f,3,§) un repere inertiel, le vecteur K &tant
dirigé suivant la verticale,

- par R = (O,I,},ﬁ) un repére 1li& 3 la barre considérée
comme rigide,

- par 6 1'angle de la rotation autour de K permettant de
passer du repére I au repére R.

La ligne moyen?e de la poutre a8 1l'équilibre est dirigée
suivant l'axe 1.

On désigne respectivement :
- par G(x) le point courant de la ligne moyenne,

- par p(x) la masse volumique de la poutre

par S(x) la surface de la section droite de la poutre

- par Iz(x) le moment quadratique de S(x) par rapport a
l'axe Gz (la dimension de I, est celle d'une longueur a la
puissance quatre).

2.1.2 - Hypoth&ses

En sus des hypoth@ses classiques :

- les déformations restent petites, /03




(H.2)

(H.3)

- chaque section droite reste plane au cours de la déforma-
tion.

on suppose que :

-~

- 1l'axe Gz (paralléle 3 l'axe de rotation i) est un axe
principal d'inertie pour la section droite S.

2.2 - CALCUL DU LAGRANGIEN DU SYSTEME

2.2.1 - Préliminaires

- Poutre non déformée : le point G occupe la position Gy
de composantes (x,0,0) dans le repére R.

- Poutre déformée : le point G occupe la position définie
par les composantes (x+u,v,0) dans le repére R. Si o (x)
désigne l'angle que fgit la tangente & la ligne moyenne de
la poutre avec l'axe i, 1l'hypothése H.3 permet d'écrire

a(x) = %%

2.2.2 - Calcul de l'énergie cinétique d'un é&lément de la poutre

Considérons une tranche élémentaire de poutre, comprise
entre les sections droites voisines S(x) et S(x + dx).

L'énergie cinétique de cette tranche s'écrit comme somme :

- de son énergie cinétique de translation :
dr, = %+ o' S v2 dx
t 2 G

- et de son énergie cinétique de rotation qui (cf. hypothé-
se H.3) s'exprime sous la forme :

La vitesse absolue VG du point G est égale 3 la somme de sa

vitesse d'entrainement §Ge par rapport au repére inertiel 1
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et de sa vitesse relative V par rapport au repére R.

Gr




En désignant par :
> °* >
wg = 8 K

la vitesse de rotation d'entrainement du repére R par rap-
port au repére I, il vient :

> A -
VGe = Wy A OG

Projetons cette relation sur le repére R. On obtient :

- °

(0] X +u -0 v

® 0 - oe v .é(

We v Ge X + u)
6 o 0

De méme, dans le repére R :

u
—V’- .
er |V
o)
Y
Il en résulte l'expression de VG dans le repére R :
a - bv
> . e
Ve v + 6(x + u)

o

et finalement

(1) th=%oS{[ﬁ—év]2+[:x'r+é(x+u):|2} dx

—— v Gl — — G > - " - ) — - ————— G Gun w——— o -

Soit ar la vitesse de rotation relative de S par rapport au
repére R :
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Il vient :

219
i
ot
+

soit :
w= (6 +a) K
ce qui, puisque (cf. § 2.2.1) :

fournit : N

Ainsi :

(2) dT=%p1 6 + v')? ax

2.2.3 - Calcul de l'énergie potentielle d'un é&lément de
poutre

Cette énergie potentielle est €gale & la somme de 1l'énergie
potentielle de traction-compression et de l'énergie poten-
tielle de flexion.

avec :
N : contrainte normale
E : module d'Young du matériau

Comme (cf. référence (1), tome 3, page 125) :

[ 06




LEways Ao

il vient :

1
(3) av_ = 5 ES (u") ? ax

Elle s'écrit (cf. référence (1), tome 2, page 61) :

=

2

z

I
z

_ 1

o]

ou Mz est la contrainte de flexion.

Comme (cf. référence (1), tome 3, page 125) :

_ sa
M, = EI, X
il vient :
av. = + EI_ (a')?
f 2
ou encore (cf. § 2.2.1)
(4) av. = + EI (v")?
f 2 z

2.2.4 - Lagrangien du systéme

Ce Lagrangien s'écrit sous la forme :

= (L s
L=[JL ax
avec
L=7-v

et (cf. § 2.2.2) :

‘i‘:% oS {[a-6v]®+ [{r+é(x+u):|2}+%_p-lz 6 +v')?




(5)

(e.l)

(e.2)

(e.3)

(cl.lf

et (cf. § 2.2.3)

1 1 . .
5 ES (u')? + 3 EI, (v")?

v 3

D'ocld 1l'expression de L :

ﬁ:%pS{[ﬁ—éV]z*' [x.r+é(x+u)]2}+%pIz 6 +v"2

_.l "y 2 __l m 2
5 ES 01) 5 EIL, (v™)

2.3 - OBTENTION DES EQUATIONS DU MOUVEMENT

2.3.1 - Formulation générale

La poutre est soumise & un couple :

>

-
M(t) = M(t) K

au point O.

Les forces de pesanteur ne travaillant pas (car perpendicu-

laires a tout déplacement virtuel (8u,dv,860)), n'intervien-
nent pas.

Les égquations du mouvement s'écrivent donc sous la forme
(cf. référence (2), page 233) :

- = 2
oL 9 ,dL + 0

) of, _ 3 @BL , 92 of
3T~ 3% Gw '

( TR ‘5’ =

ox? ou"

3L _ 3 (af, 32 3L

2
T v e T ’*’a‘r‘—)=°
d oL
& - -

avec les conditions aux limites :

oL _ 3 3 of _ _ _
= - 3% o) - 3% L;ET)] fu = O pour x = O et x =
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(e'.1)

(e'.2)

(e'.3)

= fu' =0 pour x

= =0et x =1L

[33\}" aax (%’1%) - ;_t (:—'L'—)] bv=0 pour x = 0 et x = L
v

3f. 6 ' - =

sow V' = 0 pour x = O et x = L

2.3.2 - Formulation explicite

Tous calculs faits, les relation (e.l) et (e 2) s'expriment
sous la forme :

pSé[\}+é(x+u)J+3§§(ESu') +pS (Hi+b6v+68v) =0

. . . 2 LAd -
_pse(u_ev)-.3_2(EIZV")-ps[i?+9(x+u)+éu:]
ox

+ 3 I ¥) =0
ox

\

Sachant que :

la relation (e.3) s'écrit sous forme intégrale :

t
[ ]to fto M(y) dy

3L _ [L? {Iz +8 [(x +u)? + v2]} pdk] 8

+ L? {1, v +5s [v (x +u) - uv]} pdx
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En ce qui concerne les conditions aux limites (cl.l) et
(cl.2), on obtient respectivement

-
.

of, 5 , oL 3 , oL

Jur ~ 3% un) " 3¢ () = - Esu!
Ju'

ol _

Jun =0

En ce qui concerne les conditions aux limites (cl.3) et
(cl.4), on obtient respectivement :

3L 3 oL 3 oL d . o e
o G T D T BL VY - e T (84 v
\'4

oL _ _ "
o T ELY

a) conditions aux limites en x
En x = 0,

= QO :

la poutre est encastrée. Elle satisfait donc les
conditions géométriques :

u(o,t) =0
v(O,t) =0
v'(0,t) =0

On a alors :

Su Sv =0 av'! =0
|x=0 |x=0 |x=0
et les conditions aux limites (cl.l1l) 38 (cl.4) sont satis-

faites.

b) conditions aux limites en x = L :

En x = L, la poutre est libre. Elle ne satisfait donc aucune
condition géométrique, ce qui permet de choisir des déplace-
. ments virtuels non nuls

Su #0
|x=L

Sv #0 Sv!
'x=L

| %=1,

e,

#0




Les conditions aux limites (cl.1l) i (cl.4) fournissent alors

respectivement :

- ESu'l

) wy -
[ﬁ-(EIZV) p I

x=L

o)

-

= u'(L,t) =0

V4

(6 +

v

.)||x=L

-

0 = v"(L,t) =0

=0

[l




CONCLUSION

Ler éguations du mouvement d'une poutre flexible encastrée
.4 sa base sur un axe vertical en rotation s'écrivent :

. équation de traction-compression

[z (Esu') ~pstEl+ps Bv+28v+d2(x+w]=o0

. équation de flexion

-

{a (p I “')—-9-3—(5:1 ") - -s”}
ax (P I ¥ - (BT v - oS

-p S [6(x+u) +268u-82v]=o0

. équation de rotation d'ensemble

& . 2 =5 My ay
aelt 3°‘|t=t.,
avec

oL _ [IOL {Iz+s [(x + w)? + v?]} pdx] 8

o, v+ s [ (x +w - av]} p ax,

Les conditions aux limites s'expriment sous la forme :

. en x =0

u(o,t) 0
V(Ort) =0
v'(0,t) =0

. en x = L.
u'(L,t) =0

g% (E I, v") - p I, (8 + ¥') =0 pour x = L

v (L.t) =0 12




Flexible Beam
Simulation

by
Shalom Fisher
Tom Posbergh

Naval Research Lab
Washington, D. C.
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YAW OF ANTENNA RELATIVE TO SHUTTLE VERSUS TIME
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Issues 1n Modeling
and Controlling the
SCOLE Configuration

by

Peter M. Bainum
A.S.SR. Reddy

Cheick Modibo Diarra
Howard University
Washington, D. C.
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I'

ISSUES IN MODELING THE SCOLE CONFIGURATION

REVIEW HU DEVELOPMENT OF SYSTEM SOFTWARE FOR LSST
DYNAMICS ANALYSIS.

OPEN-LOOP SYSTEM DYNAMICS WITH RELATED STRUCTURAL
ANALYSIS REPRESENTS FUNDAMENTAL STEP.

FORMULATION METHODS.
WHAT CAN WE LEARN ABOUT THE OPEN-LOOP SYSTEM?
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SYSTEM DYNAMICS STRUCTURAL ANALYSIS
nonlinear d.e. - YSTRUDL-II
LSST - det. frequencies
Joeam - 2-D mode shapes
vplate 3-D; NASTRAN
Yshallow spherical ? '
shell - 3-D |
Vh lumn
iAeE) !
'
\ 4
CONTROL ALGORITHMS ENVIRONMENTAL
YJones & Melsa - v- Solar
opt. control Radiation
JORACLS ‘- opt Forces/Torques
- . N
control (IP) Thermal Effects
decoupl-~ Shadowing,
ing
pole
place-
ment
* .
(IP) Hybrid systems-
passive/active

*also being studied in NASA/HU

LSSTI contract
Yoperational

IP- in progress

Fig. 1 Development of system software for LSST
dynamics analysis
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(1)
(2)

(2a)

(2b)

(3)
(4)

FORMULATION TECHNIQUES

Eulerian vs. La Granglan
Modeling of the Flexible Appendace (Mast)
with Offset Inertial Masses at Both Ends
Inttial 2-D Vibration Analyslis
(1) P.D.E. approach
(i11) Finlte element methods

(111) Treatment of boundary conditions
Mast as cantilever
Mast as a uniform beam with end bodies
having inertia

(lv) Separate treatment of lateral and torsional
modes.

3-D Vibration Analysis
D.K. Robertson, Sept., 1985
Harris Corp. Dec. 1984

Linearization of 2-D Equations

Formulation of 3-D Equations Based on 3-D Vibration
Analysis
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Fig. 2.1. SCOLE System Geometry in the Deformed State (2-D)
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II. A Development of the Two Dimensional Model - (Eulerian Moment
Equations)
The SCOLE system is assumed to be comprised of three main parts
(Fig. 2.1):

i) the Space Shuttle Orbiter with its center of mass located at
point Ol;

ii) the mast, treated as a 130 ft long beam, connected to the
Shuttle at 02 and to the reflector at 03;

iii) the reflector, considered to be a flat plate with its center
of mass at 0y -

The preliminary analysis presented here started before it was speci-
fied8 that the interface point between the mast and the Shuttle is at
01.8 Therefore, in what follows, a position vector ﬁl appears which de-
fines 0{62, where O2 is the assumed interface point.

In the following analysis, the angular momentum of the entire system
is evaluated at point 01 and the dynamics include the lateral displacements

of the beam.

II. A.1 Angular Momentum of the Shuttle with Respect to Point 01

© 137




Consider a point, P, of mass, dm, at an arbitrary position in the

->
Shuttle such that 5;? = r. The elemental angular momentum of the mass,

dm, is given by:
- - o
x gOP[g dn = Fx d (R4, dm
= Tx{RR  Rede b + (we- B)§xT {dm

(.1)

The total angular momentum for the Shuttle is obtained by integrating

Eq. (2.1) over the entire mass of Shuttle as:
- £ A - = o\ x?P
He = - g&xf Pdm - nguxS ¥dm 'rjrx{cwc Nixridm (2-2)
s Ms Ms M
The first and second integrals appearing in the right side of Eq. (2.2)

vanish because the center of mass of the Shuttle is at point 01.

-> >
Since r * j = 0, Eq. (2.2) takes the form:

i
S\ A 2 iy -
where IT; is the Inertia temsor of the Shuttle at point O1 and ;R /R

[ ~ 1 O
(wc - 0) j.

II. A.2 Angzular Momentum of the Mast with Respect to Point 01

deformed
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Consider here an element of the mast located at point, Pl’ with

mass, dm. 'I’he elemental angular momentum of such an element is given

by: dH d Q7 /| { dw (2.4)
y ﬁ4/b f(c% *"Zz a '/é;jz
D
if one notes that g_‘e = _:° *? o (2.5)
-

O0F = /3"'51'9

then, Eq. (2 4) may be expanded according to:

ﬁﬂ/a, = ..__./ea /(rbé +74J/n f/(ri +7o,)x(ré +y;}Jn (2.6)

ea is expressed using the relationship between
dt’

the rate of change of a vector, w, in an inertial (R ) and rotating

(Ri) frames, i.e.

h’/& = d% +.Q&/e°x W 2.7)

After substitution of Eq. (2.7) into Eq. (2.6) and integration term by -

Hfe, = M,./w; R et £ 4 o aer &) ot
- /.é% e (b +8) (rim i - Ber 3L + C fomh B +D k3 +8 -Qﬂ@”
+ & éz./. (e [w{’*¢)//-3-/['4'ﬁ'4/9€-3 cog¢ #Cmh gl +deatl)

'/524 (A cafit + B pm B - C corh -2 fom B “A+e)fy Y-8 - qdjj,

¢ 9{2,&-},9‘0 andunad = Acafat Bpunfz +Cohfl + Dowhdy




IT. A.3 Angular Momentum of the Rigid Reflector with Respect :o
Point 01

%

O

Let 04 be the center of mass of the reflector, and O3 the inter-
face point between the reflector and the mast. The distance, X, between
O3 and 04 is constant since the reflector is assumed to be rigid, at least
for this»analysis.

Let us now consider an element of mass, dm, of the reflector lo-
cated at an arbitrary point, PZ' The elemental angular momentum of that

element of mass can be expressed as:

dHr/o' = 0P x d(OP)] dm (2.9)

OlP2 and O2 5 can be expressed as:

)

—) -’y
0;?;: F?n'*‘ R;'('x:l:;-i' 213
) —y
o—;:: R+ O (-2.!0

14-0



Eq. (2.9) may be expanded according to

7 - A > 2 A
d//,/a/ = (R tc+) o;)x‘.% (24' Ryt (X+x) U"J/ea | (2.11)
Once more, ‘g(_ 5> éa X+ 43 is
expressed using ‘Eff[(/f?‘: ;+_S )U dj.éeo - ' -
222; “Caéo ==éz; Pvzgz;-+ -ﬁ;Zéggéo)cvv’

After substitution of Eq. (2.7) into Eq. (2.11) and integration term by

term over the entire mass of the reflector, one arrives at

;'/-:/0 = /M,-RE,wc o (x+8) p MICRW, x
7

/‘“iv(a(v‘s’)~ s (@-6-4)[Tar+ "”(X'se:)jf

(2.12)

where IZr is the moment of inertia of the reflector about the j axis

taken at point 04.
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II. B.1 Moment Equation

. The angular momentum of the entire system about 0l is obtained

by summing the angular momentum of each part about 01, i.e.
3 .
~— -~
/7( E H: (2.13)
7'/0/ = ~ °/01
-1 .
The moment equation ._»

-— H/o’/ea ' (2.14)

where N is the sum of all the external torques, acting on the entire
system, about an axis through point 01.
At this stage of the analysis, it is assumed that the center of

mass of the Shuttle moves in a circular orbit, i.e.
dR - R
2% T

Taking into consideration the coincidence between points 0

(2.15)

1 and 02,

Eq. (2.14) is expanded using once more Eq. (2.7) and the following

Cf? t s obt ned:\ } ~;?‘4 ) ‘«/’ ]
7"7;/0,/'& = /VOI = ¢
- é; (,‘ZES -+ /kzﬂhggz:+ .Jg,..*, /H“(:%:.qflésf)‘)
& ( Tr + Me(XC%HRE)) 4 (%78)% 3{ M W R
. (e‘w/ o [, RJ(85)L 4 % -y corfit+8)s
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(A il Benfl + ¢ ik Bt + D cohk Bl +8-D)))

_ My (RRe wx (0+2)+ XR ) (

y M o R /(w 8) @ i wtr) (At

_ B enft + Cﬁ»il/%f-ﬁ&M/Z'(#ﬁ-D)j

4 Mm e o (ot + ¢ )/ L (s Cpadhat - Bergit
wwf/zf).fﬁ.gz (Acopl + B o/ _ ¢ catht
hpt 4 ¢ ]

Pt

o= L o (wtrp) gt)

/
Z
& = —ée’ﬁid(wz‘ﬁﬂ &)

& = -Zf_.ﬂ‘m (wt+) Yit) .

(2.16)
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Mast as a uniform beam with end bodies
having fnertia

(iv) Separate treatment of lateral and torsional
modes.

3-D Vibration Analysis
D.K. Robertson, Sept., 1985
Harris Corp. Dec. 1984

Linearization of 2-D Equations

Formulation of 3-D Equations Based on 3-D Vibration
Analysls
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II. B.2 Expression for E

In the moment equation, Eq. (2.16), one notices integrals involving
-
q, the transverse displacement vector, and its first and and second deriva-
tives with respect to time. It is, therefore, necessary to develop an ex-

->
pression for q.

I1.B.2.1 Relation between q(x,t) and y(x,t)

undeformed

beam

J
0a 5‘\“”" :

Consider the beam in its deflected configuration,y(2,t) is the
deflection of the reflector-end of the mast at an arbitrary time‘t;

y(x.t), the deflection of an arbitrary point on the mast at the same

time.

A A

From Fig. (2.1), kl . kz = cos o (2.17)

Assuming o small, tan a can be expressed as

$(t) _ o = 4z, 6)+ qlx,t)

T— - - = (2.18)

ia"ﬂﬂ( =
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From Eq. (2.18) one derives

qlat) = xzﬁ;(e»tJ- y (2, )

(2.19)
or

q(‘f-;t) = X¥x- %(2.,1:)

(2.20)
II1.B.2.i1i Evaluation of y(x,t)

Assuming separability of the variables, the beam equation,
LEL Q040 P yt) _
—— p) e - O (2.21)
SA’ kA >t

is solved to yield solutions of the form:

‘&(z,b) = ?L\‘:) )

(2.22)
where

f(t) = E sinwt + F coswt with w = frequency of the vibration

and ¢ (x) = A cosBx + B sinfx + C coshfx + D sinhBx

(2.23)
When the following boundary conditions are assumed:
a) y(,t) =0; b) y'(0,t) =0
¢) EIy''' (%,t) = -Mr y(2,t); d) EI y''(2,t) = 0 (2.24)

where ‘é, - ’?_} and *.a = 2_3—
% 2t

(2.25)
these can be expressed in the form:

% A+ gB =0 x S| |A|_|C
x A+ 0B :o}%

(2.26)
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where Mr

a = 3inBl - sinhR? =~ EZ?B (cosB2 - coshB%)

§ = -cosBL - coshBL - ;%és (sinBf - sinhB}) (2.26)
Y = cosBL + coshf®

o = sinf2 + sinhB2

2
g = ngza (2.28)
EI

For the SCOLE system, the following parameters have been supplied8:

pA/ = 0.09556 slugs/ft
2

EI = 4.0x107 1b-ft
M. = (400/32.2) slugs
2 =130 ft.

For non-trivial solutions for A and B, det C must vanish. The
values of P for which det C = 0 are computed and substituted back into
Eq. (2.28) to obtain the frequencies of the different vibrational modes
(Table 2.1).

The same values of B are substituted into $(x), (Eq. 2.23%which is
normalized with respect to its maximum value and the normalized modz
shapes plotted (see Table 2.1 and Figs. 2.2 - 2.6). Note that the ranges
of frequencies obtained in Table 2.1 sre higher then those prevously pre-
sented in the April 13, 1984 oral presentation due to previous inconsis-

tencies in dimensional analysis of some physical units.
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TABLE 2.1

Values of B8 and Natural Frequencies (HZ)
for the First 8 In-Planme (Pitch) Bending Modes

8 w(Hz)
1.874599 .677828
4.6929 4.245
7.8519 11.884

10.997 23.3128
14.1309 ' 38.4933
17.276 57.5283
20.4229 : 80.4045
23.555 106.958
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II.C Frequencies of the Lateral Vibrational Modes when the SCOLE
System is Modelled as a Free-Free Beam with End Bodies having
Inertia

The solution to the beam equation (2.21) is again considered
and the following Qoundary conditions assumed:
1. The shear force at either end is equal to the mass located at
that end multiplied by the acceleration of the interface point at that

end.

This boundary condition combined with the equilibrium conditions

_ET DY) _ N PHE)
2z3 L*

yields

at the Shuttle end,

ET 7PH2C) - M YY) _ _ o2 p
- E T = _5}_;_4:0_ e e ;/z,}/na (2.29)

at the reflector end

Fr itz t) = M- ﬂzﬂlﬂ*}/ = - Mr w‘%(z,t)/ (2.30)
223 [zz130 Ft* lx=)30 /I=/.:’a

where 2_ 24 ET
m_/e Y

152



2. Next, expressing the equality between the moment at an end peint
and the product of the inertia of the mass at that end by the angular

acceleration of the interface point results in:

T 6(2,&) = ET ’9_&2")

wﬁm B(x, ¢ - U o G(x, H)
9z

At the Shuttle end: x = 0, this is expressed as:

T 2 [P | - Fr9iY(ae])
:(;;‘/ 2 220 4:0

- Wil M) - Er PYzt) 2.3/
: 9z / 4—0 ( )

2=0 ?.z* =

the same boundary condition at the reflector end translates as:

wt Ty ?_&J = - £7 P Azt (.32
/// ////30 )

Z =/3p Dz3

After performing the required differemtiation of the assumed
solution of the beam equation (Eq. 2.23), one arrives at the following

system of four equations with 4 unknowns, A,B,C, and D,

Eq. (2. 29)9__é/4 > 8 + MG -D=0 (-2399

LA LA’
Eq. (2.30) =
[_Lé’ mﬁ/f/)m/gy/’ # [_é‘/}mﬂé caa/sé’]B

7

AJ%A m/f/%c e c ¢ J/Z;- M ikl s etBL]D =0 (234)
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Eq. (2.31) =2 -~ A, J‘_f_';r_é‘QB +C+ .%'é);D:O (2-35)
. A}

and Zq. (2.32) =

(28 pise - cope ] 4 -[1:8 et oii]s

ookl G i pL]c + [t gt 0 (2

Equations (2.33) - (2.36) can be recast in the matrix format as

| A 0
g
0 0

For non-trivial solutiom of ¢ (x) (Eq. 2.23) the determinant of M(B)
must be zero. A computer program was written, and the values of B8,
solutions of the nonlinear equation det [M(8)] = 0, obtained.

These values of B were substituted into

Ct):/ﬁ)zVJ:’-‘E:-'T_Z}'._ﬁ

to derive the frequencies of the inplane and out-of-plane late:ral

vibrational modes. The results are given in Tables (2.2) and (2.3).

154



Table 2.2 Values of B and Natural
Frequencies (Hz) for the first 9

In-plane (Pitch) Bending Modes

B w(H,)
0.0097 0.3065
0.0310 3.1308
0.0549 9.81922
0.0789 , 20.2809
0.1030 34.562
0.1271 52.6288
0.1512 74,4794
0.1754 - 100.229
0.1995 |  129.664
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Table 2.3 Values of 8 and Natural

Frequencies (Hz) for the First 9

Out-Plane (Roll) Bending Modes

8

0.0103
0.0310
0.0549
0.0789
0.1030
0.1271
0.1512
0.1754
0.1995

m(Hz)

0.3456
3.1308
9.81922
20.2809
34.562
52.6288
74.4794
100.229

129.664
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II. D. Derivation of the Frequencies of the Torsiomal Vibration,
SCOLE Configuration.

Assuming the mast to be a circular shaft, the torque at any point

on the shaft is given by
7= GI ? #(z’ £)
2

where G is the modulus of rigidity and I the polar moment of inertia

of the cross sectional area of the beam. This torque is opposed by the

inertial torque If O‘QCZ/ t’))
D¢2

where p 1is the density of the beam. For equilibrium,

67 LY _ I, Vtat) =0 (gosn)
x Pt

Assuming the separability of the variables, Equation (2.38) is solved to

yield, solutions of the form
Jlz,t) = F(t) P(z)

where f(t) = a cos (wt) + B8 sin (wt)

(R-39)
$(x) = A sin m/p—/_; x + B cos mfp/Gz
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Boundary Conditions

Writing that the torque, T,at either and of the beam equals the
moment of inertia times the angular acceleration of the interface

point yields:

6I Q¢xt) - 7. V) (2 40)
% ere

Equation (2.40) along with the equilibrium of the shaft gives:

for the Shuttle end: x =0

Gr 24=1 = - I, w* ulz, t) (3. 41
oz /4::¢7 * ;t /éi::c) (’ ‘)

for the reflector end: x = £ = 130

- GI w/ =~ Ir w‘gt(z,t)/ | (2e¢2)
x=/36

9.2: Z:2/30
After substitution of equation (2.39) into equations (2.41) and

(2.42), one arrives at:

B. 2.4 3 AGT VJ’/G + B =0 (2.43)

761‘/-;?@@6/![‘_ T we/fZ/A

—[G’I@,aéwf/é}ﬂ.ﬁ mewe//gi/g_-_.o (2-44)

Eq. (2.42)
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Equations (2.43) and (2.44) can be recast in matrix format

o [l e

For non-trivial solution of equation (2.39) one must insure that the
determinant [P(w)] is equal to zero.

The values of w for which det [P(w)] = O correspond to the
frequencies of the torsional vibration. A computer program was written
to solve this determinental equation and the frequencies for the tor-

sional modes are listed in Table 2.4.




Table 2.4 Values of Natural
Frequencies (Hz) for the First 9

Torsional Vibration Modes

w(Hz)

0.0305

39.99

79.98

119.97
157.97

199.96

239.55

279.94 .

319.939
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II.E Preliminary Calculation of the SCOLE Appendage Frequencies
based on Finite Element Techniques
For this application both the reflector and the mast are assumed
to be a single flexible body. This body is considered to be comprised
of two types of elements: (1) beam elements; and (2) triangular plate
elements. The actual finite element model (FEM) is described as follows:

Mass distribution

Space Shntﬁle ‘ 6,366.46 slug
Mast 12.42 slug
Reflector 12.42 slug

The masses of the reflector and the mast being so small (.39%) as compared
with the mass of the orbiter, which in this analysis is assumed rigid,
the system could be modelled as a cantilever beam (mast) with a mass with:
inertia (reflector) at its end. Also, the reflector in this section is
going to be assumed flat with a constant thickness small as compared with
its characteristic dimensions.

The dynamics analysis of the STRUDL software package, which uses a
physical analysis to solve the equations of dynamic equilibrium, is used

to generate the eigenvalues, the frequencies, and the periodsof the system.
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System Geometry (Model)

le— 156
. h-ljx.'lsm t
T ! —= '
Feoafp G 3 1
-0~
4
&l
2
-.-
. 3 1
43.33{*

" ‘\
//////////

S S s S S

The beam (mast) will be divided into 3 beam elements (each of
43.33ft length) having a mass of 4.14 slug to be lumped at the
ends of the elements.
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3

Node No. X Y Z

1. 0.0 0.0 0.0

2. 0.0 0.0 -130.0

3. 0.0 0.0 - 43.33
4. 0.0 0.0 - 86.66
5. 37.50 0.0 -130.00
6. 56.25 -32.50 -130.00
7. 37.50 ~65.00 -130.00
8. 00.00 -65.00 -130.00
9, -18.75 -32.50 -130.00
10. 18.75 -32.50 -130.00

in ft.

163




Results - Conclusions

The following results have been obtained (Table 2.5). They show

that the system is less stiff in this model as compared with previously

developed NASA8 and Howard University continuum models and also that re-

cently described by the Harris Corpora:ion.9

Table 2.5 - Modal Frequencies (H))
Obtained by Implementing a FEM

of the Preliminary Model of SCOLE
(Poisson's ratio = 0.3 assumed)

0.157

0.275

0.782

1.083

1.232

1.386

80.09

107.24

. 107.24
i 265.99
421.50
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. II.F Linearization of the Equation of Motion-Floquet Analysis

Let t the dimensionaless time be equal to w3 . . W, =
d2 2 d2

dt dtz

Dividing each term of Eq. (2.16) by M 2 yields

~8{ Ty g+ e Ty, Mme- Me @, |
+{(% - Mr &) wey(e) - c&/gﬁ q»,l.e)}(emtwb*d’) Bopun(wt +9))
- Me X Red, 6 wn(wb+d) 4 wzm@ntm){ (T, Tt + b 5 o __:)%(e)
+ar ke $,(0) § - o (1ot+4) em (ot +d) [y ce)]{ %awc

:1‘.- %wg}_ 0 pin (0b+¢) yi¢) Mr hXluw-=o (2.4¢)
Let now C; "{.h.’/qu-t % + I“A"‘e +}L)x+/u_ Re } .

h X, :

where Uz A = T

2 A
| - (&- 24140~ v

where ¢ (L) = Amﬁe-\-B/&/‘K +Cm’2.ﬂ€fDM/%€:
v () = A/S\;«»ﬁ(?Bwf& -i-C/)L:J\I%C +Dwﬁ-(a&+3_b

cy = (T 1 e KWL + H@a+ B
e o0 - e <Beofl + Coth+ Denhpt

V() = A mﬁ( + B/’W‘“ﬁe“ CW&M-DML/%‘A'-i'C
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RCOMTSEY
css/b,AR.
and C6 - LY(Q),‘A)‘%

Eq. (1.46) can be written as

- cl b. + G Cy %(gw@t+¢)) - e Cs é + wch C@(LO'-—'I’¢)
- Lo W Cy pwn (WF +9) e (Lot 4§ )= el G, pm(wt+d) - 3uad (Ii-T,,)8 =0

€2.472

Introducing the dimensionaless time T = w.t and dividing Eq. (2.47)

by mi one arrives at

-we @+ W C, %C(Qw(wt+¢)) - W' Cs ;:Cg“ 3‘*3:2 (I,,—IB)G-
+ wz Cs w(wt+¢) - W w Cq. IOv'.«(wt-rd?) Co(wt’-tq?)- W, C‘M@HQ):O

Introducing now the new parameter Q = % ylelds
c

- C®¥ e, _4[9' e (QT+d)] - Cs d B
dt dt
+0°C en(QTrd) - QCq M[-L(Q'C*CP)]
<

- Q¢ pwm(aT+d) -3 (- I;)8 =0

¢2.48)

(2.49)
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WHAT CAN WE LEARN ABOUT THE OPEN-LOOP SYSTEM?

(1) Linearization of 2-D Equations (Torque-Free)
(2)  Stability Analysis -

(20) Assume appendage is vibrating at only one of
Its flexible modes

(2b) System can be described by periodic coefficlents

(2c) Floquet analysis can be used to determine system
parametric instabilities - quasi-analytic results
obtalned for cases of (1) No aravity-aradient,
no offset of mast interface point on reflector,
(11) with offset of mast interface point, but
not gravity-gradient,

(2d) For general case, aq ngmerlcol implementation of
the Floauet analysis is required.

(3)  Relatlion between this system and other systems involving
geometric offset

(3a) The dynamics of orbiting tethered platform systems
2-D analysis, Stanley Woodard LSSI
3-D analysis (in-progress), Fan Ruying -

Visiting Scholar, BeiJing Inst. of Control Engineering

(3b) The dynamics of the Wrap-Rib Antenna system - any
published results?
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Parametric Study of the System

Let us assume that the interface point between the reflector
and the mast is at the center of mass of the reflector
>+ X=0 » \=(Q0 = C5 = C6

Under this assumption, the equation becomes

-8l & :i"'t [6em(@Te9) ]+ 2% om (aTag)
- .%?; Qpw2(0t+9)] - %.(Iu-l‘n) 9-_- o (2.50)

which yields the following first integral

_0 c* [Gon(flt +0)] + Q* & Cs m(QT+d)
+ & e [2(2T49)] - __(_I..—I,;)j%- (1.51)

¢'4

/
This equatidn can be plotted in the phase plane (e‘,e) for different

values of y and Q.
Floquet Analysis

The angular motion about an axis perpendicular to the orbit plane

is described by:

Bz -4 & wmar] @ - [eamar+2,-1.) 8
[ 6'9-1' c o ] [C. frwe cn )] |
(2.52
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This equation can be recast into the following matrix format

g’ P Ra &

¢ A Pall? (253

where
[ Cs . Ca, ¢ q v 3(1,-1.)] |
Ef+z."-wﬂt -[E"'Q/M(Q-f)-#a(r! -—sa)]
B’(f)] =
Lo 1 O

Since P(t) is a matrix with periodic coefficients, the stability of the

motion will be analyzed in what follows using the Floquet theorem.

Case 1. No gravity gradient, No offset

-c ) c 1 -
PO = _c,tw.sfz'c - S O /wm QT

L 1 © 4
[z¢(x)] = [P(t)] [2(1)]

Lig
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2. Floquet theorem

Equation (2.53) can be written as

¢" + p(1)d = 0 {4.3)

where p(7) * T - is a periodic function .

with period T = 2n/Q ,

By setting v; = ¢ ; y,= ¢’ =y] rone could
recast equation (4.3) in the following state variable

form.
41 0 1 Yy
’ -
vl |l 0 Y2 (4.4)
L..,..' " —————————— "™ L-v-=
y' E(T) Y

Assuming that thg quantities zll(r), zlz(T)' ZZI(T)'
and zzz(r) are known (where the zij(r) are the
eleménts of the matrix [2 (T)] which satisfies the
matrix equation [2 (t)])’'s= [E(1)][ 2 (t)] and which,
when t=0 , equals the 1dént{ty matrix(I) jone can
derive the stability conditions applying the Floquet
theorex&%hich states:

(1) if for any j,llsj||> 1, (where ||sj|| '
represents the modulus of the eigenvalue, 8 )+ the

zero solution of equation (4.3) is unstable;

(44) 4if for all j,lisj||< 1, the zero
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solution of equation (4.3) is asymptotically stable;

(iii) if for all lesjU is not greater than 1,
but for some.j,||sj||- 1, and each sj of modulus 1 is
distinct from the others, then the zero solution is
stable but not asymptotically stable,

(iv) 1if for all j,||sjl| is not greater than
1, and there exist some sj withllsjll = 1 in
multiplicity n , the zero solution of equation (4.3)
is unstable unless n = k where the sj are the
eigenvalues of [ 2 (T)].sn = repeated eigenvalues, and
k = nullity of [ 2 (T)-snI] = (order of [ Z(Tx-snI]~.”

minus rank of {Z (T)-sn 1)y.
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@)

213 ® P1%33 * Ppo%y

Ne

12 = piZ4, + P1,25, 2)

221..- Pp1Z17 * PpoZoy (3) which becomes Zy7 = Zqq since p,, =
1 and Pyy = 0
222 = lezlz + 922222 (4) which becomes Z22 = le

from (3)221 -»le substi;uted into 1 yields

291 = P1129) * P19Zy;
Similarily from (4) Z,, = 212 which substituted into (2) yields
292 = P11255 + PyoZs,
d
If one notices that plZ. 3t P11

. . d .
then  Z,) = PpZy *PpyZe = 35 (PryZpp)

L] S Y d
ad 23 T Ppifyp FPpZan t i (PraZy)
These two last equations are integrated and the following result

for 221 and 222 Obtajned

[ )
291 = P11%py X
®

292 ™ P11%gp + Ky

®
but from (3),221 = le(t) and

from (4% 222 = 212(1)
1 4
therefore, 221(0) = 211(0) = 1= Pll(O)ZZI(O) + K,
or for ¢ = 0 ’ l= K1 since 221(0) = (

-> 1o d .1

|

222(0) = 212(0) =0 =_pll(0) 222(0) + KZ
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C

or for ¢ =0 EZ- = - K2 since 222(0) = ]
1
e
Zgy = Ppy%p +1
[ 4
c
Zog = P13 Zpp = 2
. Cl

Solution of the linear first order equation

dzﬁ - 2 B C—z (1)
dr  “Pr1%22 L
The presence of dZZZ and pll 22 in the equation suggests a pro-
T4t
duct of the type ¢(T)222(T)
but (CP-Z;, ).— 'ZZ'L + CP'-- ZL?- (2)

Multiplying (1) by 4(t) yields

b -thas od

' ‘ (3)

which can become

(CP y=-24¢
if one can find ¢(t) (the integrating factor) such that

Eif@ -- |
dt CMD'
(5
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= Jnd@ = g- Jp, dT :J_.C}unﬂ'c dz

Ci

dn ) = Co QT + K er

) = exf[ S pu QT -\-K}

from " _d_ b 4 ) = - C one arrives at
d_cUP 2) = ¢ ()
42, = [-L ¢ @dT

or _ | _9_} d
"ZZZ- a—r S 2 dPCC) C

Zu) = exp [ aran] g-é_ls gw[%ALQE+K]AC}

i

According to Taylor's series development of a fmction

ek *”‘J?{ mat] = 6{1-4_'—1-7.' d ¢t (9&)3_:7."&>§’+
C C! P ¢4 <1 'S

which is integrated term by term to give
e 4
Zip = - C2 ur[ e QT K”l’ -Cegt, z‘_((.@)‘.n‘s} Tk
a3 5c} G & /24

since Zn (o) = 1> K‘ - - %_;:

0722__.'..01.@‘)(67. p’“"QLg[ CL+C-€£.CZ+(:’L Z3+-—-]

g,




. C
' 2
Solution of 221 p11221+l where Py = E;

= %C(fp)‘zzd = aq-c@)zu + ¢)ad%zz| (1

cos Qt

oud @’ % % -¢p, 2 = @

)
1) = (2) > 3? = - ¢)/}°u

> Jud0 = -Gt fn QT+ K or
q)(t)_ ex/]o[ C'- /}w,n'c-\-K’}

a“-’C(¢)Zu) = d) = ¢_)=Zz\ = S¢)dt

from
- | ) - wlce Al _ ) )

ZLx-qubd'C = %F[E‘_S'-Lmat K]gcbolt
According to Taylor's series

Cb’(t): wa[.%/@w%at e EK){I-F&‘C O o [(q) (»a”

¢y ct 'Z
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which 1is integrated term by term to yield

aZz..(t)—e:o‘o /amm]{z.z%c g%;*"“ +K‘,K

L) 0 K\ =0
Zy(T) = Z,) >

oy (T) = ewy[a% Mﬂt][crc C) T, J (@at-1)

+ ex/‘:[cL QT

It can easily be verified that Zn LQ) = QX/P{-C-:- N 0} - A
Gt
and finally '

;21_ = <. (C)

180




With the use of a computer program, the eigenvalues of the [Z(t1)]
matrix are computed for T = a period and their modulus compared with
1 to determine the values of the parameters for which the system is
stable. The results of such parametric study are shown in the
following stability diagram, Fig. 2.7. The large number of unstable
points in the parametric space (Q, MU) are thought to be attributed
to the absence of the gravity-gradient torque in the model. Future
plans call for the extension of the Floquet analysis for the cases
where a non-zero reflector attachment offset is considered and also
where both a non-zero‘offset and the effects of gravity-gradient are

included.
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Fig. 2.7 Floquet Stability Diagram - SCOLE Configuration-No Offset

No Gravity Gradient.
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Case 2. No gramhy Qrodieuk , but  offsel.

CremaT - Cy - Capmac

| )F(Z) = C Cy <

1 o 1
[zm] = P@ILz)]
| 2 = PZi+ Rala Q)

»éw = Rd.+ Rl22 Q)

PiZw + Ba2Z2) (3) whoch loewmé.r

H

Ly = < fmee Ya=1 oud Bozo
Ly = P Zp +PeaZez (4) which Becomao
i;.z = iz
from @) & = & pubshbuted it (0 yelds
f/;n - Puiu + P2 oy
Similasly  pom @) T2 =Za  subskhied wdo (@) yiek
2o = Pides + P2las

P €5 = cowstoudt j_faz 2

Ci
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Thew
. 2.21 = R ’éZI + R <, = j__i@%z;«)

([ L ] F) Z — l )
N dt(

gt ) ) MAJ'EFZ) aoted  aud
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T 222_ (@) = Z12(T)

, = i O ZL((O) ‘T“K) ':.'>
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MIuce ZW©)=41 owd Z(0) =0
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Soludion Qf e ’,EC\A{' ovdon Q/}U&L:u.
dZss _ Pi oo = —(C2=Cg) Q
dt Ci
o fpeduct of He bype P(T)Zes(T)

b\&t %:(sz;zz) = C.i_% Laz =+ d7 %—’ZLL (2)

MJH#?W%O)bgCMI)%mMS

d) df22 _ 4) R, = — d(Cz2-Cyx)
at o

-c—l LCPZLL) = - cb (@_{:_Q&')
dt Cy
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from dZud) - -d (ezcs)
dt C

- (ce=¢.) dT
e g faleg

o Zn = exP[Cz am QT —Q“C-K] (C.Y_QL)Sex?[ Ce T+ Qrt‘+K]d'C

cia _ G

ao G
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L2 = Ud? Coomat _Cs (.] {"C& +¢f - 4, e T

c, 2 ey
4};( CaemQT —Cr) (C_r-Cz) + (CT-CL)Z}T+ (thwﬂ'c—Cr)({lr_-_C;):
C <y < C\ (al
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Zi2(T) = exp[c'- QT - QSr} C.fi+emQT) 4 (Cs-cz-) Ce0o QT-LELLF ¢,
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(1)
(2)

(3)

WHAT CAN WE LEARN ABOUT THE OPEN-LOOP SYSTEM?

Linearization of 2-D Equations (Torque-Free)
Stability Analysis -

(2a) Assume appendage is vibrating at only one of
its flexible modes

(2b) System can be described by periodic coefficients

(2c) Floaguet analysis can be used to determine system
parametric instabilities - quasi-analytic results
obtained for cases of (i) No aravity-aradient,
no offset of mast interface point on reflector,
(1i) with offset of mast interface point, but
not gravity-gradient.

(2d) For ageneral case, a numericol implementation of
the Floaquet analysis is required.

Relation between this system and other systems involving
geometric offset

(3a0) The dynamics of orbiting tethered platform systems
2-D analysis, Stanley Woodard LSSI
3-D analysis (in-progress), Fan Ruying -
Visiting Scholar, Beijing Inst. of Control Engineerina

(3b) The dynamics of the Wrap-Rib Antenna system - any
published results?
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Orbit frame

A A A

% | ¢ & e

X Yy Z

Body frame

A A A
% €55

Fig.2 RELATIONSHIP BETWEEN COORDINATE ST§ TEMS
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(1)
(2)

(3)

WHAT CAN WE LEARN ABOUT THE OPEN-LOOP SYSTEM?

Linearization of 2-D Equations (Torque-Free)
Stability Analysis -

(20) Assume appendage is vibrating at only one of
its flexible modes

(2b) System can be described by periodic coefficlients

(2c) Floauet analysis can be used to determine system
parametric instabilities - cuasi-analytic results
obtained for cases of (i) No aravity-aradient,
no offset of mast interface point on reflector,
(11) with offset of mast interface point, but
not gravity-gradient.

(2d) For general case, @ ngmerlcol implementation of
the Floquet analysis is reauired.

Relation between this system and other systems involving
geometric offset

(3a) The dynamics of orbiting tethered platform systems
2-D analysis, Stanley Woodard LSSI
3-D analysis (in-progress), Fan Ruving -
Visiting Scholar, Bel)ing Inst. of Control Englneering

v/ (3b) The dynamics of the Wrap-Rib Antenna system - any

published results?
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I1.

ISSUES IN CONTROLLING THE SCOLE CONFIGURATION

SHOULD CONTROLS ANALYSIS PROCEED IN TWO STEPS,
FIRST USING A 2-D MODEL?

WHAT IS THE EFFECT OF A TIME DELAY IN THE CONTROL?
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Systems with delay in Control

Stability:

In Literature:
X(t) = AX(t) + BX(t-1)
A is a stable matrix
stability of combined system is

analyzed as a function of stability
parameters of A and B matrices

Control:
In Literature:
X(t) = AX(t) + BX(t-t) + CU(t)

U(t) = -A X(t) - B X(t-1)

or

X(t) = AX(t) + BU(t-1)

U(t) KX(t+1)
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Present Problem:

X(t)

AX(t) + BU(t)

u(t) KX(t-1)

A is marginally stable
Design K such that controlled
plant is stable.
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Control of large Space Struclares
welh dolay  dv Gonirel i

Xb=  AXer B U
u (£) = le(t-'t) |

D‘a&@«n( K MW# a}oac %M’m .
. ok Stable - |
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ORIGINAL PAGE 'S
OF POOR QUALITY

B. Effect of Delay om Control System Stability

The control law of the form U = -KX is designed for a systea A
represeated by - | . '

. o X = AX+ BU (s.1).
sad a delay ¥ is incorporated into the oﬁat.c variable, X, and its
effect on coatrol systea ml;ﬂity is snalyzed mumerically.

| To start with, a secomd order differeatial equatinn representing
the 'vibuth‘-‘ of a structure in a particular mode is considered.

mw-o“mwfummlphhgi\vnu
a2

dx 2 o - o

a—t'i + WA=W (s.2)
The control U ~h .. rate feedback givean dy |

U=-2T W %?é | (5.3)

and the closed loep equation with comtrol is writtem as:
a2
dx
dtt

The numerical values selected for numerical simhtion are

+ 23&)“1 +w:1. =0 ®.4

arbitrary and are:

0o = 6.0
T = 0.5
X(0) 0.5
X(0) = 0.0
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53/575”7 Ddynamies -

X (t) = AXK) + BU®) A_(u
Control Law : :
Ufi)= KX(t) : (2)
conrol lawr (wilk oeloy ) : “
Ult) = KX(t-T) (3)

DISCRETIZATION - EVLER'S METHOD :

X (¢) = X(I*’)A’X[I,) [ teTa

wilh ont delay: |
X(T+1) = [T+ (A+8k)a] X(z) (s)

Mabzax A= (A+BK) hae Stable
Eo‘?mvw,ws AisAzy-cyhn i Can&-ndaas

- Ume casé.
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Stabildy Anuyw Through Tramefermakiom
Difcrete SYSTEM Dynamipg .
X(1+1) = (Z,+Ake) X(T) (5)~> (10)

ﬁan{#rmff«."m : . | |
X(T)= T ¥%(z) (In)

Glzn)= T (T aA) TRE)
2(1w)= (Tyh A) $(7) (12)
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Con'fval we Tk deloj:
- kA, t-TA

X ) = AXt)+r BK X(t-T)

X(T+1)= (I..+AA) X(z) + ABK X(I-K)

: Aujumen/&{ %S’/’e‘m :

r X(I-H) 1 FJ.',;'-AA D 0.0 ABK]| P)((I) 1.
X (1) - | I, 0 0--00 X(I1)
L X(T-K+) | Lo o (i . LX('-;’K)J
A X(z)

S(V[I-H) = Kj(v(z)
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1. INTRODUCTION

In recent years much attention in the controls community has centered
on problems posed by large space structures. These problems include the
need to provide active-damping structural control for many, often densely
packed, modal frequencies, and the need for distribution of actuation and
sensing equipment over and throughout the large, lightweight structure. 1In
the analysis and control synthesis of such problems, integral parts are
played by the level of accuracy of the system model and the robustness of
the controller. Properly done, the control design should provide damping
to the vibrational modes within the controller bandwidth.

This report accounts the progress made on control experiments for
NASA’s flexible grid experimental apparatus [1,2). The grid is a 7-ft by
10-ft lattice constructed of overlayed aluminum bars of rectangular cross-
section 2-in by 1/8-in, centered at one-foot intervals, and is suspended on
cables at two locations across the top bar. This design admits appreciable
low-frequency structural dynamics, and allows for implementation of distri-
buted computing components, inertial sensors, and actuation devices. Figure
1 depicts the apparatus. Instrumentation includes non-contacting displace-
ment sensors mounted on a separate rigid structure behind the grid, six rate
gyros, and six inertia wheel actuators allowing application of torques up to
20 oz.-in.

A finite-element analysis of the grid provides the model for control
system design and simulation. The motions of the grid perpendicular to its
plane are of interest in this study, so that in the modeling analysis 88
nodes are utilized with four degrees of freedom. '

The control strategy for this study involves a decentralized model
reference adaptive approach using a variable structure control [3]. Local
models are formulated based on desired damping and response time in a
model-following scheme for various modal configurations. Variable structure
controllers are then designed employing co-located angular rate and position
feedback. 1In this scheme local control forces the system to move on a local
sliding mode in some local error space. An important feature of this
approach is that the local subsystem is made insensitive to dynamical

interactions with other subsystems once the sliding surface is reached.
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LRC's Experimental Grid Apparatus;
grid node points numbered as shown.

Figure 1
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2. PROBLEM STATEMENT AND PROGRESS REPORT

The overall experimental process for purposes of this study consists of
three basic stages. First, the finite-element analysis is done for the
grid apparatus on the Cyber 175 network computing system at NASA’s Langley
Research Center. The vehicle by which this is done is the SPAR analysis
software package. Next, data generated by SPAR is used in a modal dynamics
simulator, either on the Cyber 175 system or, as in the case of the results
reported on here, on the Electrical Engineering Department’s VAX 11/785
system at The Ohio State University. It is within this simulation software
that the control algorithm is implemented. The final stage of the process
involves actual on-site testing of the design. The overall process is

depicted in Figure 2.

Modeling

Assume that a general mathematical description of the grid structure

takes the form
MK + KX = F ,
vhere the matrix X contains incremental displacement variables for the 96
grid points (88 for the grid, 8 for the cables) in each of the 6 degrees of
freedom (3 axes, rotation about each axis). As noted above, typical
modeling exercises involve only four degrees of freedom, where rotation
about the axis perpendicular to the plane and translation along the horizon-
tal grid axis are constrained. Also, M and K are the mass and stiffness
matrices of the structure, respectively, and F is the vector of forces
used in control. Since applications and environments of large space
structures dictate the lack of any appreciable natural damping, the model
excludes any damping. By employing the unitary transformation
X = |,
vhere ¢ is the mode shape matrix and W contains generalized coordin-
ate modal displacements, a set of uncoupled equations results, namely,
(FMOV + ("KW = &F = u

In this expression, ¢'M& is the diagonal modal mass matrix, &%Ké is the
diagonal stiffness matrix, and u represents the generalized forces

(control inputs). In a truncation approximation from the finite-element
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procedure, n modes are retained, implying that &M® and &"K$® are

nm@a  in size. In a decentralized setting,
L 0 1
wi = [—0)2 0 ]Vi + [2]"1 ’

vhere w, represents the i-th modal frequency. The development of the
control algorithm relative to this viewpoint is given in the next section.

The modal coefficients for this analysis (at gyro and actuator loca-
tions) are taken from the SPAR program output, for a model retaining the
first 10 modes.

Softwvare and Simulation Testing

Simulation tests reported on in this study are all products of software
implemented on the VAX 11/785 in the EE Dept. at OSU. The first stage of
the code serves the purpose of transfering the modal coefficients from the
SPAR output data set and formulating the proper mode shape matrix. Initial
tests use one-mode models, resulting in a two-state grid model, and later
simulations use the full ten-mode model, resulting in a twenty-state
system. Next in the simulation code is the measurement, or sensor subrou-
tine, from which the rate gyro feedback is obtained. Angular displacement
is computed from these measurements with a simple numerical integration
routine. After initial conditions are applied, integration is completed
prior to updating of the computed control law.

The grid is initially perturbed in the software by way of initial
conditions on the angular displacements and their velocities; future
studies will involve a sinusoidal excitation of the grid before control is
applied. These initial conditions are introduced through the local refer-
ence models, which are in all cases simple two-state (angle and angular
veloéity) systems. Various other segments were added to the code as needed,
such as feedback of Kaman probe output and clipping constraints on the
magnitudes of the applied torques. Primary output of the software is in the
form of time-scale plots of linear displacement, rate gyro output, estimates
of the angular displacements, and the applied torques, all at various grid

node-points. Discussion of several tests is included in the next section.
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3. DETAILS OF RECENT RESULTS

Algorithm Development

The Decentralized Model Reference Adaptive Controller with Variable
Structure Control has evolved through four stages, the last stage specifi-

cally for this application:

(1) Variable Structure Control (Utkin, Itkis and others in USSR)

Basically, the standard variable structure controller first drives a
system’s state trajectory to a given plane in state space and then, ideally,
slides along this plane to the origin. The system can be shown to have
excellent sensitivity properties while in the sliding mode. The control
algorithm essentially checks on wvhich side of the plane the states are and
varies the feedback structure accordingly to orient the trajectories towards
the plane. In actual implementation, the trajectories may "chatter" while

sliding to the origin along the plane.

(2) Model Reference Adaptive Control Using Variable Structure
Feedback (Young)

D. Young was one of the first to use varable structure controllers in
driving the error signal to zero while doing model reference adaptive
control. The approach retains all the advantages and disadvantages of

variable structure controllers.

(3) Variable Structure Controllers for Decentralized Model Reference
Adaptive Control for Interconnected Systems (0Ozguner, Morgan,
Al-Abbass)

A recent development has been the application of variable structure
controllers for model reference adaptive control of interconnected systems
with local state information availability. Ve summarize this approach
briefly in the following.

Consider the system

N
i X, = Alx, + Bu, + Z:Aijx:i
j=1
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for i =1, 2, ..., N, where

x, eR" A,
1

y; €R ’ B,
1

u, €R ’ D,

n, .
€ R 1xn: ’

e Rnixl ,

€ Rlxni .

Given the model, the problem is to design a decentralized adaptive

controller such that the states of each local subsystem are regulated to

zero or track the states of a referenc
dependent only on the local subsystem,
with the other local controllers. The
local controller is the upper bound on
[ZA; %],

Let the local reference model for

N a A

X. = A X, + B.r,
1 1 1 1 1

yi = Xi ]

e model. Each local controller is

and is not allowved to communicate

only information provided for the

the size of the dynamic interactions

the i-th subsystem be given as

n, x1

with %, in R% » r, the reference input, ﬁi in R4 , and i, in

R Furthermore, let
for C, in RO
e, = X, - X,
1 1 1

and

The control law is obtained from this

. _ oyl i i
u, = K.ei + pri + Krri

i

i , specify the sliding surface, where

N
+ B,r, - Bu, - ZAijxj .
j=1

ixd
last expression as

+ 8,

1



where K, in R, K in '™, and K, in RP® can be specified [3] in

regions of the state space, and where 8, is a constant picked according
to the norm of the interactions. The elements K, Kp’ K,, and Si are a
function of the sliding surface and the coefficients of system and refer-
ence model state equations.

Another development used in the above is the idea of time varying

sliding surfaces, which aide in smoothing of the chattering.

(4) Multi-modeling for Decentralized Model Reference Adaptive Control
using Variable Structure Controllers.

Two developments were required to use the above approach for the
control of flexible structures. The first was the incorporation of output
instead of state feedback into the interconnected system model. The second
and more crucial development was the expansion of the essentially general
decentralized structure with multimodeling into an interconnected system.

As an illustration, consider the two channel case

%

= AXx + Bju, + By,
y, = D;x
yz = sz .

We would like to consider two separate systems,
{A’Bl'Dl}f {AfBz’Dz}

for designing the controllers. The system model used is

S R I N IR N

2 2

where the "interconnection matrices" are not specified. This type of

expansion has been previously utilized by Siljak in a different context. In
the present context the specification of the fictitious interconnections are
not required since the only information needed is an extra dominant term in

the local control to suppress interactions.
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Simulation Test Results

In the following pages the results for two of several simulations
testing the decentralized control algorithm are presented. For each case
the group of output plots is preceded by a short summary depicting the
number and location of inputs and outputs (for the numbering of the nodes,
see Figure 1), program parameters (such as initial conditions, algorithm
scale factors, and so on), and the structure of the reference model. Both
simulations shown here are for the full 10-mode grid model. Note that the

second of these tests represents results of sampled systems.




SIMULATION TEST #4
10 modes

6 1nputs, 6 outputs,
co-located rate gyros and actuators
located at nodes 25, 31, 52, 61
* Kaman probe 2 vwith actuator 1 (output feedback)
Kaman probe 7 with actuator 4 (output feedback)

Program parameters: (w,(0) and W, ;(0) not listed are 0)
v,(0) = 0.1
WS(O) = 0.1
w,(0) = 0.1
v,(0) = 0.1
"] (0) = 0.1
w (O) = 0.2
v (0) = 0.2
W (O) = 0.2
W (0) = 0.2
MAX =1
o, do, = 2

Reference model eigenvalues:

A =-0.5 ; X, =-0.5

Cammanteos
Full model (ten modes) is used with position
output feedback, and reference model has
critically damped modes.

*%% NOTE **k
The applied torques are clipped (constrained)

as

|applied torques| € 1.25 in-#
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SIMULATION TEST #6
10 modes

6 inputs, 6 outputs,
* co-located rate gyros and actuators
located at nodes 25, 31, 52, 61
* Kaman probe 2 with actuator 1 (output feedback)
Kaman probe 7 with actuator 4 (output feedback)

Program parameters: (w,(0) and ﬁi(O) not listed are 0)
v,(0) = 0.1
v,(0) = 0.1
v, (0) = 0.1
v,(0) = 0.1
wy(0) = 0.1
v,(0) = 0.2
v,(0) = 0.2
ve(0) = 0.2
v, (0) = 0.2
MAX = 1
o, Yo, = 2

Reference model eigenvalues:

)\1 = -0.5 H )\2 = -0.5

Comments: .
Again, full model (ten modes) is used with
position output feedback.

*%% NOTE ***

This test represents the sampled
version of the algorithm; sampling
period here is 32 ms.

Again, the applied torques are clipped
(constrained) as

lapplied torques| < 1.25 in-#
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IV. REMAINING WORK AND SUGGESTIONS FOR FUTURE STUDIES

At the time of writing the present report a number of tests were
completed on the ten-mode simulation model of the grid. In considering
these results one can express confidence in the successful outcome of the
application onto the real system. Both on-site and off-site (remote)
experiments are to be performed during which the feedback control algorithms
will be implemented on the Charles River Microcomputer system connected to
the sensing and actuation on the grid. The gain values which gave satisfac-
tory results on the simulation model are to be tried.

A number of follow up studies can be envisaged using the software and
hardwvare that is now available, and particularly using the expertise
obtained. These include both theoretical studies which are required to
answver some natural questions that arose during the tenure of the present
project, and practical studies to test out some other reasonable algorithms
on the grid problem and the results of the above mentioned theoretical
studies.

Specifically, further work is required to understand the implications
of the multimodeling approach used in the present application. This model
is especially suitable for local reduced order modeling. That is, one could
try using only some of the modes to be controlled in one channel’s model and
some in the other, while some have to appear in both. The stabilizability
implications and the spillover effects in using such an approach must be
analyzed. An algorithm should be obtained for generating such different

multiple models.
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SUMMARY

The problem of controlling large, flexible space gsystems has been the
subject of considerable research. Many approaches to control system
synthesis have been evaluated using computer simulation. In several cases,
ground experiments have also been used to validate system performance under
more realistic conditions. There remains a need, however, to test
additional control laws for flexible spacecraft and to directly compare
competing design techniques. 1In this paper an NASA program is discussed
which has been initiated to make direct comparisons of control laws for,
first, a mathematical problem, then an experimental test article is being
assembled under the cognizance of the Spacecraft Control Branch at the NASA
Langley Research Center with the advice and counsel of the IEEE Subcom—
mittee on Large Space Structures. The physical apparatus will consist of a
softly supported dynamic model of an antenna attached to the Shuttle by a
flexible beam. The control objective will include the task of directing

the line-of-sight of the Shuttle/antenna configuration toward a fixed
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target, under conditions of noisy data, limited control authority and
random disturbances. The open competition started in the early part
of 1984. Interested researchers are provided information intended to
facilitate the analysis and control synthesis tasks. A workshop is planned
for early December at the NASA Langley Research Center to discuss and

compare results.

INTRODUCTION

Many future spacecraft will be large and consequently quite flexible.
As the size of antennae is increased, the frequencies of the first flex~
ible modes will decrease and overlap the pointing system bandwidth. It
will no longer be possible to use low gain systems with simple notch
filters to provide the required control performance. Multiple sensors and
actuators, and sophisticated control laws will be necessary to ensure
stability, reliability and the pointing accuracy required for large,
flexible spacecraft.

Control of such spacecraft has been studied with regard given to
modeling, order reduction, fault management, stability and dynamic system
performance. Numerous example applications have been used to demonstrate
specific approaches to pertinent control problems. Both computer simula-
tions and laboratory experiment results have been offered as evidence of
the validity of the approaches to control large, flexible spacecraft.
Concerns remain, however, because of the chronic difficulties in control-
ling these lightly damped large-scale systems. Because of these concerns
and because of the desire to offer a means of comparing technical

approaches directly, an NASA/IEEE Design Challenge is being offered. An
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experimental test article is being assembled under the cognizance of the
Spacecraft Control Branch at the NASA Langley Research Center with the
advice and counsel of the IEEE (COLSS) Subcommittee on Large Space
Structures. This Spacecraft Control Laboratory Experiment (SCOLE) will
serve as the focus of a design challenge for the purpose of comparing
directly different approaches to control synthesis, modeling, order
reduction, state estimation and system identification.

The configuration of the SCOLE will represent a large antenna attached
to the Space Shuttle orbiter by a flexible beam. This configuration was
chosen because of 1its similarity to proposed space flight experiments and
proposed space-based antenna systems. This paper will discuss the "Design
Challenge” in terms of both a mathematical problem and a physical experi-

mental apparatus. The SCOLE program is not part of any flight program.

SYMBOLS
a acceleration vector ft/sec?
A beam cross section area
c observation matrix
d noise contaminating direction cosine matrix measurements
e line-of-sight error
E modulus of elasticity
f concentrated force expressions
Fy, force vector
g concentrated moment expressions
GI torsional rigidity
1 moment of inertia matrix for entire Shuttle/antenna configuration
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m)

my

V1
V4
ué
ue
uy

X,Y,Z

moment of inertia matrix, Shuttle body

moment of inertia matrix, reflector body

beam cross section moment of inertia, roll bending
beam cross section moment of inertia, pitch bending
beam polar moment of inertia, yaw torsion

length of the reflector mast, beam

control wmoment applied to the Shuttle body

control moment applied to the reflector body
disturbance moment applied to the Shuttle body
mass of entire Shuttle/antenna configuration

mass of Shuttle body

mass of reflector body

mass density of beam

beam position variable

direction cosine matrix, Shuttle body ()earth = Tl()shuttle body
direction cosine matrix, reflector body ()earth = TZ()reflector
body

inertial velocity, Shuttle body

inertial velocity, reflector body

lateral deflection of beam bending in y-z plane
lateral deflection of beam bending in x-z plane
angular deflection of beam twisting about =z axis
position variables

displacement of proof-mass actuator

line-of-sight pointing requirement

noise contaminating angular velocity measurements
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0,¢,Y pitch, roll, heading

4 damping ratio

T nolse contaminating acceleration measurements
wy angular velocity of Shuttle body

wy, angular velocity of reflector body

DISCUSSION

The objective of the NASA-IEEE Design Challenge concerning the control
of flexible spacecraft 1s to promote direct comparison of different
approaches to control, state estimation and systems identification. The
design challenge has principal parts, the first using a mathematical model,
and the second using laboratory experimental apparatus. The specific parts
of the Spacecraft Control Laboratory Experiment (SCOLE) program will be

discussed in detail.

Control Objectives

The primary control task 1s to rapidly slew or change the line-of-
sight of an antenna attached to the space Shuttle orbiter, and to settle or
damp the structural vibrations to the degree required for precise pointing
of the antenna. The objective will be to minimize the time required to
slew and settle, until the antenna 1line-of-sight remains within the
angle 8. A secondary control task is to change direction during the
"on-target” phase to prepare for the next slew maneuver. The objective is
to change attitude and stabilize as quickly as possible, while keeping the

line-of-sight error less than .
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Math Model Dynamics

The initial phase of the design challenge will use a mathematical
model of the Shuttle orbiter/antenna configuration. It is necessary to
obtain a balance, of course, between complex formulations which might be
more accurate and simplified formulations which ease the burden of
analysis.

The dynamics are described by a distributed parameter beam equation
with rigid bodies, each having mass and inertia at either end. One body
represents Space Shuttle orbiter; the other body is the antenna reflector.
The equations for the structural dynamics and Shuttle motion are formed by
adding to the rigid-body equations of motion, beam-bending and torsion
equations. The boundary conditions at the ends of the beam contain the
forces and moments of the rigid Shuttle and reflector bodies. The
nonlinear kinetmatics couples the otherwise wuncoupled beam equations.
Additional terms represent the action of two, 2-axis proof-mass actuators
at locations on the beam chosen by the designer.

The rigid-body equations of motion for the Shuttle body are given by:

_1 ~
wp= o I e My My )
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Similarly, for the reflector body,

. -1 ~
w, =~ I, WLe +M4 + un,a)

F, + F
; -4 B,4
4 m4

The direction cosine matrices defining the attitudes of the Shuttle and

reflector bodies are given by:

T ~ T
Ty=-uT
.T ~ T
4~ " YTy

The direction cosine matrices defining the attitudes of the Shuttle and the

reflector bodies are related to the beam end conditions.

1 0 0 cosAO 0 sinA® cosAY -ginAY 0
T4 = 0 cosAd -—sindé 0 1 0 sinAY cosAY 0 Tl
0 sinAé cosA¢ -8inA@ 0 cosA® 0 0 1
where:
& = ul - uy
s=L s=0
-0 2%
98 s
s=L s=0
9 9
a2t
8 o8
s=L s=0




The equations of motion for the flexible beam-like truss connecting the
reflector and Shuttle bodies consist of standard beam bending and torsiom
partial differential equations with energy dissapative terms which enable
damped modes with constant characteristics for fixed, though dynamic, end
conditions. The system of equations can be viewed as driven by changing
end conditions and forces applied at the 1locations of the proof-mass

actuators.

ROLL BEAM BENDING:

82u 33u 34u

® _2¢. /PAEL, —> + g1, —2 - %[f §(s~s_) + _a_g(_ )]
2 C¢ 4 ¢é,n 878, g¢,n s o %

¢ 3323t ¢ os n=1

ot

PITCH BEAM BENDING:

2 3 4

9 ue 3 ue a ue 4 36
PA —5— = 20y VPA EI; —5— + EIg —— = ) [fe’nﬁ(s-sn) + 890 78 (s-sn)]
it 9s“at ds n=]

YAW BEAM TORSION:

2 3 2
3 uy 0 Uy 3 uw 4
PI, —5 + 24,1, /?;'P'——Z— + GI, 5= ) g8y 5(s = 8)
ot 3s“ot s n=1
where:
3211‘.P I
F
f¢’l m, o2 {SHUTTLE BODY FORCE}
s=0
32“¢ 32% 2
£ = m + m, —2% {PROOF-MASS ACTUATOR FORCE}
$,2 2 at2 2 at?.
8=82
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¢,3

6,4

0,1

0,2

0,3

0,4

37u

-©

at

A
+ m, -—-4252
ot
88,
azuw
-1 — /32.5 + F
z2z,4 at2 y
s=130
s=sl
aZAe 2
+ m, -———??—
at
s=s2
aer )
+ my -————5—
ot
s=s3
32uw
-1 /18.75 - F
zz,4 at2 X
$=130

{PROOF-MASS ACTUATOR}

{REFLECTOR BODY FORCE}

{SHUTTLE BODY FORCE}

{PROOF-MASS ACTUATOR FORCE}

{ PROOF-MASS ACTUATOR FORCE}

{REFLECTOR BODY FORCE}
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gy 1
0,1
8y.1

89,2
£o,2

(
(&
(
(

5,3
80,3
8y .3

85,4
80,4
By,4

=L +u

1

= Lu, w0,

44

AR T

~
+ M4 + RBFB,Q

{SHUTTLE BODY, MOMENTS}

{PROOF-MASS ACTUATOR, MOMENT}

{PROOF-MASS ACTUATOR, MOMENT}

{REFLECTOR BODY, MOMENT}

The angular velocity of the reflector body is related to the Shuttle body

by:

s=L

s=]

s=0

s=0

F ok

(0 130 ©
-130 O (e}

(@) o C?J
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The line-of-sight error described in figure 2 is affected by both the
pointing error of the Shuttle body and the misalignment of the reflector
due to the deflection of the beam supporting the reflector. The line-of-
sight is defined by a ray from the feed which is reflected at the center of

the reflector. Its direction in the Shuttle body coordinates is given by:

Ryt Ry 2[Rk - kY - v ]
“RR'RF"Z[R: RR‘RF]'RA“

RLOS

where:

Rp is the feed location (3.75, 0, 0)
RR is the location of the center of the reflector (18.75, -32.5,

-130)
Rp is a unit vector in the direction of the reflector axis 1in

Shuttle body coordinates

The vector R, can be related to the direction cosine attitude matrices

for the Shuttle body, T;, and the reflector body, T,;, by

e [ 3

The relative alignment of the reflector to the Shuttle body 1is given by

T}‘T4 which is a function of the structural deformations of the beam.
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The line-of-sight error, e, 1is the angular difference between the
target direction, given by the unit vector, Drp, and the line-of-sight

direction in Earth axes, TRjqgg.
Ay
e = ARCSIN ,DT X TIRLOSI or ARCSIN 'DTTIRLOSI

Computer programs are available which generate time histories of the
rigid body and the mode shapes and frequencies for the body-beam-body
configuration for “pitch” bending, "roll" bending and “"yaw" twisting.
Since the modes are based on solving explicitly the distributed parameter
equations (without damping and without kinematic coupling) there is no
limit to the number of modal characteristic sets that can be generated by
the program. It will be the analyst's decision as to how many modes need

to be considered.

Laboratory Experiment Description

The‘ second part of the design challenge 1is to validate in the
laboratory, the system performance of the more promising control system
designs of the first part. The experimental apparatus will consist of a
dynamic model of the Space Shuttle orbiter with a large antenna reflector
attached by means of a flexible beam. The dynamic model will be exten-
sively instrumented and will have attached force and moment generating
devices for control and for disturbance generation. A single, flexible
tether will be used to suspend the dynamic model, allowing complete angular
freedom in yaw, and limited freedom in pitch and roll. An inverted
position will be used to let the reflector mast to hang so that gravity
effects on mast bending will be minimized. The dynamics of the laboratory
model will of necessity be different from the mathematical model discussed

earlier.
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Design Challenge, Part Omne

For part one of the design challenge, the following mathematical
problem is addressed. Given the dynamic equations of the Shuttle/antenna
configuration, what control policy minimizes the time to slew to a target
and to stabilize so that the line-of-sight (LOS) error is held, for a time,
within a specified amount, S. During the time that the LOS error is
within 6, the attitude must change 90° to prepare for the next slew
maneuver. This was previously referred to as the sescondary control task.
The maximum moment and force generating capability will be limited. Advan-
tage may be taken of selecting the most suitable initial alignment of the
Shuttle/antenna about 1its assigned 1initial RF axis, line-of-sight.
Random, broad band-pass disturbances will be applied to the configuration.
Two proof-mass, force actuators may be positioned anywhere along the beam.
The design guidelines are summarized below:

l. The initial line~of-sight error is 20 degrees.
e(o) = 20 degrees

2. The initial target direction is straight down.

()

3. The initial alignment about the line-of-sight is free to be chosen
by the designer. Advantage may be taken of the low value of
moment of inertia 1in roll. The Shuttle/antenna is at rest
initially.

4. The objective is to point the line-of-sight of the antenna and
stabilize to within 0.02 degree of the target as quickly as
possible.

§ = 0.02 degree

249




5.

Control moments can be applied at 100 Hz sampling rate to both the
Shuttle and reflector bodies of 10,000 ft-1b for each axis. The
commanded moment for each axis is limited to 10,000 ft-1b. The
actual control moment's response to the commanded value is
first-order with a time constant of 0.1 second.

For the rolling moment applied to the Shuttle body:

4 4
10 S-MX,I,command 10

MX,l(n *1 = e—o.l MX,I(n) +a - e—o'l) Mx,l,command(n)

Equations for other axes and for the reflector body are similar.
Control forces can be applied at the center of the reflector in
the X and Y directions only. The commanded force in a
particular direction is limited to 800 1lbs. The actual control
force's response to the commanded value is first-order with a
response time of 0.1 second.

For the side for applied to the reflector body:

~800 < FY,command < 800
—0.1 —0'1
FY(n +1)=e FY(n) +(-e ) Y,command(n)

Equations for X-axis are similar.

Control forces using two proof-mass actuators (each having both
X and Y axes) can be applied at two points on the beam. The
strokes are limited to * 1 ft, and the masses weight 10 1lbs each.
The actual stroke follows a first-order response to limited

commanded values.
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Ts,measured s,true 21

where:

For the X-axis of the proof-mass actuator at sj3:

-1 S'AX,Z,command-s

001 "‘001

(n+1) =¢e AX,Z(n) + (1 - e ) A (n)

AX,Z X,2,command

Equations for other axes and locations are similar.

The inertial attitude direciton cosine matrix for the Shuttle body
lags in time the actual values by 0.01 second and are made at a
rate of 100 samples per second. Each element of the direction
cosine measurement matarix 1is contaminated by additive,
uncorrelated Gaussian noise having an rms value of 0.00l. The
noise has zero mean.

dll(n) dlZ(n) d13(n)
(n+1)=T1T (n) + | 4..(n) d22(n) d23(n)

d31(n) d32(n) d33(n)

E{dij(n)} =0

E{dij(n)dkL(n)} = 0 for 1 #k or j # 1L

[]
o

E{dij(n)d (n + k)} for k # 0

ij

[.001]2 for k=0
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The angular velocity measurements for both the Shuttle and
reflector bodies pass through a first-order filter with 0.05 sec
time constant and lag in time the actual values by 0.0l second and
are made at a rate of 100 samples per second. Each rate
measurement is contaminated by additive, Gaussian, uncorrelated
noise having an rms value of 0.02 degree per second. The noise
has zero mean.

For example:

wl,x,measured(n *D - wl,x,filtered(n) + el’x(n)
+ = #
E{el’x(n) el’x(n K}=0 for k # 0
2
= (.02) for k=0
where
“I,X,filtered = = 20 “1 x,f11tered ¥ 20 “1 X, true
10. Three-axis accelerometers are located on the Shuttle body at the

base of the mast and on the reflector body at its center. Two-
axes (X and Y) accelerometers are located at intervals of
10 feet along the mast. The acceleration measurements pass
through a first-order filter with a 0.05 second time constant and
lag in time the actual values by 0.0l second, and are made at a
rate of 100 samples per second. Each measurement is contaminated
by Gaussian additive, uncorrelated noise having an rms value of

0.05 ft/sec?.
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For example:

al,x,measurec:l(n *n - al,x,filtered(n) + Tl,x(n)
= #
E{tl’x(n) Tl’x(n +Kk)} =0 for k # 0
2
= (.05) for k=0

where:

-23 20

al,X,filtered - 1,X,filtered + wl,x,true

11. Gaussian, uncorrelated step-like disturbances are applied
100 times per second to the Shuttle body in the form of 3-axes
moments, having rms values of 100 ft-lbs. These disturbances
have zero mean.

For example:

= #
E{MD’x(n) MD,x(n +k}=0 for k # 0
2
= (100) for k=0

In summary, the designer's task for part one is to: (1) derive a
control law for slewing and stabilization, coded in FORTRAN; (2) select an
initial attitude in preparation for slewing 20 degrees; and (3) select two
positions for the 2-axes proof-mass actuators. An official system
performance assessment computer program will be used to establish the time

required to slew and stabilize the Shuttle/antenna configuration.
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Design Challenge, Part Two

As in part one, the task is to minimize the time to slew and stabilize
a Shuttle/antenna configuration. The difference is that in part two of the
design challenge, a physical laboratory model will be used instead of the
dynamic equations of part one. The constraints on total moment and force
generation capability will apply to part two, as for part one. Again, the
analyst may select the initial alignment about the assigned initial RF
line-of-sight. Disturbances will be injected into the Shuttle/antenna

model. The designer's task will be similar to that for part one.
CONCLUDING REMARKS

A Design Challenge, in two parts, has been offered for the purpose of
comparing directly different approach to controlling a flexible
Shuttle/antenna configuration. The first part of the design challenge uses
only mathematical equations of the vehicle dynamics; the second part uses a
physical laboratory model of the same configuration. The Spacecraft
Control Laboratory Experiment ( SCOLE) program is being conducted under the
cognizance of the Spacecraft Control Branch at the NASA Langley Research
Center. The NASA/IEEE Design Challenge has the advice and counsel of the
IEEE-COLSS Subcommittee on Large Space Structures. Workshops will be held

to enable investigators to compare results of their research.
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The moment of inertia becomes:

1
XX Xy

905,443

0

-145,393

=

4,969

e

m = 6391.30 slugs

m = 6366 .46 slugs

m,= 0.3108 slugs

2

ma= 0.3108 slugs

m, = 12.42 slugs

PA

EI

PI

GI

= 0.09556

= .003

= ,003

4.0 x 10’

4.0 x 10’

-1
Xz

o |
yz

I
zz

6,789,100

0

4,969

0

slugs/ft

1b-ft?

0.9089 slug-ft

1b~f¢ 2

9,938

-—

1,132,508

7,555

- 115,202

-145,393

7,086,601

PA

EI

7,555

7,007,447

- 52,293

.003

0.09556

- 115,202
- 52,293

7,113,962

slugs/ft

4.0 x 107 1b-ft?
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Figure 1. Drawing of the Shuttle/Antenna Configuration.

SeacecaarT Cowmeo. Lag ExperiMent

(SCOLE)




Figure 2.~ Schematic of the eftect of bending on the
line-of-sight pointing error.
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